InSb is known to be a good candidate as a thermoelectric (TE) material owing to its high carrier mobility and narrow band gap of around 0.18 eV. However, a high ZT value has not been achieved in InSb because of its high lattice thermal conductivity (¬ lat ). In order to reduce the ¬ lat of InSb, In 3+ ions in InSb were partly replaced by Zn 2+ and Ge 4+ ions to form the ZnIn 18 GeSb 20 alloy. Polycrystalline samples of ZnIn 18 GeSb 20 were prepared by a powder metallurgy process combining mechanical alloying and hot pressing followed by water quenching or slow cooling. The TE properties of the quenched and slow-cooled samples were examined over the temperature range of room temperature to 723 K. The ¬ lat values of the quenched and slow-cooled samples at room temperature were 2.70 and 2.83 W m ¹1 K
Introduction
Thermoelectric (TE) technology, which can convert waste heat directly into usable electricity, is expected to play an important role as a global sustainable energy solution. The efficiency of such devices is linked to the TE properties of the generator materials and the temperature gradient across the devices. The effectiveness of TE materials is determined by the dimensionless figure of merit, ZT = (S 2 ·)T/¬, where S is the Seebeck coefficient, · is the electrical conductivity, T is the absolute temperature, and ¬ is the total thermal conductivity (¬ = ¬ lat + ¬ el , the sum of the lattice and electronic contributions, respectively). 1, 2) Since S, · and ¬ el are interrelated, it is very difficult to control them independently. Thus, reducing ¬ lat is essential to enhance ZT.
Over the past few decades, InSb, which has a narrow band gap with high electron mobility, has been considered to be a good candidate as a TE material. The carrier mobility of InSb single crystals (78000 cm 2 V ¹1 s ¹1 at 300 K) is the highest among IIIV semiconductors.
3) However, a high ZT value has not been achieved in InSb because of its large ¬ lat . 4, 5) Many studies have been performed to reduce the ¬ lat of various TE materials, such as the phonon glass electron-crystal approach in skutterudites 6, 7) and clathrates, 8) thin-film superlattice structures of Bi 2 Te 3 /Sb 2 Te 3 , 9) and natural nanostructures in bulk-state AgPb m SbTe m+2 (LAST-m). 10) Indeed, these materials exhibit very low ¬ lat , and hence their ZT values were significantly enhanced. In the LAST-m system, the Pb 2+ ions in PbTe are partly replaced by Ag 1+ and Sb 3+ ions to form alloys of AgPb m SbTe m+2 , which leads to the formation of AgSb nano-inclusions. Such intrinsically embedded nanoinclusions would increase the phonon scattering and thus greatly reduce ¬ lat . Zhou et al. 11, 12) performed high-performance TE characterizations for Ag 0.8 Pb 18+x SbTe 20 materials synthesized by mechanical alloying (MA) of elemental powders and demonstrated a high ZT value of 1.5 at 673 K. Figure 1 illustrates the elemental substitution in the LASTm compound (LAST for lead antimony silver tellurium) and the InSb-based alloy prepared in the present study. Note that here, Sb in the LAST system acts as a cation because the electronegativity of Sb is lower than that of Te. On the other hand, the electronegativity of Sb is the largest in the present system, thus Sb would act as an anion in the InSbZnGeSb 2 system. Coherent interfaces between the inclusion and the matrix phase have been known to contribute to the reduction of ¬ lat while having little effect on the electrical transport properties. 1014) In the LAST-18 system, such coherent interfaces were observed between the inclusion and matrix, i.e., AgSbTe 2 and PbTe. AgSbTe 2 and PbTe have the same rock salt structure. If the two adjacent phases have the same structure and the same lattice parameter, all the planes are identical. When the lattice parameters are not identical, it is 15) have the zinc-blende and the chalcopyrite structure, respectively. As shown in Fig. 1(b) , the chalcopyrite structure can be considered like a superlattice of the zincblende structure, in which two kinds of cation ions are ordered on the two different cation sites. A coherent interface originates when the lattice plane of two materials produces a one-to-one matching at the interface plane. 16) Thus, IIVI Sb 2 compounds (II = Zn or Cd, IV = Si, Ge or Sn) are expected to form coherent interfaces with InSb. In order to select suitable bivalent and tetravalent ions, we investigated the lattice parameters for various IIIVSb 2 type chalcopyrite compounds. The lattice mismatch between InSb and ZnGeSb 2 as well as that between PbTe and AgSbTe 2 is shown in Fig. 2 . Here, the lattice mismatch (¤) between the two lattices (¤) can be defined by:
where, d ¡ and d ¢ are the unstressed interplanar spacings of matching planes in the ¡ and ¢ phases, respectively. It can be confirmed form the figure that the lattice mismatch between InSb and ZnGeSb 2 is well consistent with that between PbTe and AgSbTe 2 . This is the reason that ZnGeSb 2 was selected as the IIVISb 2 compound in the InSbIIVISb 2 system. We confirmed that ZnGeSb 2 was the most suitable candidate because the difference in the lattice parameters between InSb and ZnGeSb 2 was comparable to that between PbTe and AgSbTe 2 .
The purpose of the present study is to decrease ¬ lat by coadding Zn and Ge into InSb, similar to the LAST-18 system. Polycrystalline samples of ZnIn 18 GeSb 20 were prepared by a powder metallurgy process combining mechanical alloying (MA) and hot pressing. Additionally, we investigated the TE properties of samples cooled at different rates because it is well known that the TE performance of the LAST-18 system is sensitive to the fabrication conditions and procedure, in particular, the cooling rate and the annealing time.
17)

Experiment
Polycrystalline samples of ZnIn 18 GeSb 20 were prepared from powders of InSb (99.999%), Zn (99.99%), Ge (99.99%) and Sb (99.999%) by MA. The MA conditions are summarized in Table 1 . The as-prepared powders were sintered by hot pressing in graphite dies under a pressure of 45 MPa at the temperature of slightly below the melting temperature of InSb for 1.5 h in flowing Ar. The hot-pressed samples were quenched or slowly cooled after annealing at 783 K for 72 h. The temperature profile is shown in Fig. 3 . The densities of the samples were calculated on the basis of the measured weights and dimensions. The samples were characterized by X-ray diffraction (XRD) using CuK¡ radiation at room temperature. The sample microstructures were observed using scanning electron microscopy (SEM) and the chemical compositions were determined by energy-dispersive X-ray (EDX) analysis in vacuum at room temperature. Electrical resistivity (µ = 1/·) and S were measured simultaneously using the commercially available apparatus (ZEM-1, ULVAC) in a He atmosphere over the temperature range of room temperature to 723 K. ¬ was determined using the expression ¬ = ¡C p d, where ¡ is the thermal diffusivity, C p is the heat capacity, and d is the density. C p was estimated from the model of Dulong and Petit, i.e., C p = 3nR, where n is the number of atoms/f.u. and R is the gas constant. ¡ was measured by the laser flash method using a commercially available apparatus (TC-7000, ULVAC) in vacuum over the temperature range of room temperature to 723 K.
Results and Discussion
XRD patterns of the ZnIn 18 GeSb 20 samples are shown in Fig. 4 , together with literature data for InSb (JCPDS 06-0208). 18) Figure 4 (a) shows the XRD pattern of the slowcooled sample after MA for 20 h, in which some peaks of Sb and In 2 O 3 as impurities were observed in addition to the peaks of an InSb-based alloy with the zinc-blende structure. Figures 4(b) and 4(c) show the XRD patterns of the samples after quenching and slow cool-down, respectively. These samples were prepared by hot-pressing from the MA powders with the ball milling time of 40 h. It was confirmed that MA, with the ball milling for 40 h followed by hot pressing yielded mainly single phase with the zinc-blende structure but involving a little impurity phases viz., Sb and In 2 O 3 . The intensities of the impurity phases were significantly decreased after 40 h ball milling. It was also confirmed that there were no significant differences between the XRD patterns of the quenched and slow-cooled samples. The chalcopyrite structure could not be identified in all samples. The SEM and EDX mapping images of the quenched and slow-cooled samples after MA for 40 h are shown in Figs. 5(a) and 5(b), respectively. The difference in cooling rate has led to remarkably different microstructures. The quenched sample was more homogeneous than the slowcooled sample, which was heterogeneous and contained two phases in addition to the matrix phase. These secondary and ternary phases (P1 and P2) and the matrix (P3) region are represented by arrows in the high-magnification SEM image (Fig. 6) . In Fig. 6 , the nano-sized particles can be clearly observed. To determine the chemical compositions of these phases, the EDX qualitative analysis was performed. The EDX results shown in Table 2 demonstrate that the two secondary phases were the Sb-rich precipitated phase and nano-sized InSb phase (50100 nm). Although small peaks for In 2 O 3 and Sb were observed in the XRD patterns (Figs. 4(b) and 4(c)), such impurity phase were not clearly observed from the SEM and EDX analysis. As described before, the present study is based on the concept of the LAST compound system, in which the nano-sized AgSb inclusions are embedded in PbTe matrix. However, in the present study, the ZnGe inclusions were not identified in the InSb matrix, but nano-sized InSb precipitates with the size of 50100 nm were observed.
The temperature dependences of the electrical properties of the ZnIn 18 GeSb 20 samples prepared by MA for 40 h are shown in Fig. 7 . As seen in Fig. 7(a) , the µ values of both samples were in the order of 10 ¹4 ³ m around room temperature and decreased with increasing temperature. It has been reported that the µ values of bulk InSb are 3.1 © 10 ¹5 ³ m at 326 K to 5.5 © 10 ¹6 ³ m at 567 K. 4) The µ values of the ZnIn 18 GeSb 20 samples are larger than that of bulk InSb, presumably due to an influence of remnant Sb and In 2 O 3 phases as observed in the XRD patterns (Fig. 4) . The µ values of the quenched sample were slightly lower than those of the slow-cooled sample, presumably owing to the high homogeneity of the quenched sample and boundary scattering of electrons by the secondary phase in the slow-cooled sample. Figure 7(b) shows the S as a function of temperature for the ZnIn 18 GeSb 20 samples. Positive S values mean p-type electrical transport properties, but the S values of all the samples decreased gradually, becoming negative at high temperatures. This indicates that the carriers were governed by a mixed conduction mechanism at high temperatures. The room-temperature S values obtained for the quenched and slow-cooled samples were 201 and 164 µV, respectively. The Sb-rich secondary phase existed in the slow-cooled sample might be metallic with small Seebeck coefficient, leading to the smaller Seebeck coefficient of the slow-cooled sample than that of the quenched sample. It is well known that the ¬ of solids is composed mainly of two components: ¬ lat and ¬ el . We roughly estimated ¬ el on the basis of the WiedemannFranz relation, using the · data and the Lorenz number (L = 2.45 © 10 ¹8 W ³ K ¹2 ), i.e., ¬ el = L·T, and ¬ lat was obtained by subtracting ¬ el from ¬. The temperature dependences of the ¬ and ¬ lat (= ¬ ¹ L·T) values of the polycrystalline samples of ZnIn 18 GeSb 20 prepared by MA for 40 h are shown in Fig. 8 5, 19) These low ¬ values are presumably attributable to grain refinement through MA and to alloy scattering from the multi-component system. Unfortunately, both samples exhibited low densities, i.e., about 86% of the theoretical density. The pores in the sintered samples are also attributable to the reduction of the ¬. The ¬ of the quenched sample was lower than that of the slow-cooled sample. As indicated above, ¬ lat = ¬ ¹ ¬ el . The ¬ el value of quenched sample is higher because of the lower µ. Thus, the decrease of ¬ can be attributed to the significant reduction of the ¬ lat caused by the partial substitution of In by Zn and Ge. Moreover, the ¬ lat of the slow-cooled sample was higher than that of the quenched sample, which was probably due to the Sb-rich region of the secondary phase with its large ¬ lat . The present study confirmed that a nano-sized InSb phase was formed in the slow-cooled sample. Although this phase was dispersed uniformly across the slow-cooled sample, the Sb-rich region, which has a high ¬, was the dominating factor in the large ¬ lat . ), · is the electrical conductivity (= 1/µ), and T is the absolute temperature.
Finally, the temperature dependence of the ZT of the polycrystalline samples of ZnIn 18 GeSb 20 is shown in Fig. 9 . The maximum ZT obtained in the present study was 0.05 at around 700 K for the quenched sample. Although the ZT values of the solid solution are lower than those of InSb, all samples showed a roughly 60% reduction in ¬ as compared to that of bulk InSb. This means that there is further room for improvement in ZT through optimization of the carrier concentration and annealing procedure.
Summary
Polycrystalline samples of ZnIn 18 GeSb 20 were prepared by MA and hot pressing. The microstructure and TE properties, such as µ, S and ¬, were investigated in samples cooled at different rates after annealing. The XRD and SEM/EDX results revealed that all samples, regardless of the cooling rate, exhibited an almost single phase with the zinc-blende structure, but each sample showed a remarkably different microstructure. The quenched sample was homogeneous, while the slow-cooled sample was composed of a matrix phase and a Sb-rich, nano-sized InSb phase. The slow-cooled sample showed relatively large µ values and low absolute S values, owing to the presence of the Sb-rich secondary phase. The ¬ value of the ZnIn 18 GeSb 20 sample was significantly reduced compared to that of InSb, presumably due to grain refinement through MA and effective point-defect phonon scattering by the bivalent Zn and tetravalent Ge ions that partially replaced the trivalent In ions. In the LAST system, AgSb nano-inclusions formed in the PbTe matrix play an important role to decrease the ¬. However, in the present case, ZnGe nano-inclusions were not formed in the InSb matrix. Hence, the secondary phase observed in the samples should play an important role to decrease the ¬. The maximum ZT obtained in the present study was 0.05 at around 700 K for the quenched sample.
